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Theoretical characterization of titanyl phthalocyanine as a p-type organic
semiconductor: Short intermolecular - interactions yield large
electronic couplings and hole transport bandwidths
Joseph E. Norton and Jean-Luc Brédasa
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400, USA
and Center for Organic Photonics and Electronics, Georgia Institute of Technology, Atlanta, Georgia
30332-0400, USA
Received 25 July 2007; accepted 16 October 2007; published online 15 January 2008
The charge-transport properties of the triclinic phase II crystal of titanyl phthalocyanine -TiOPc
are explored within both a hopping and bandlike regime. Electronic coupling elements in convex-
and concave-type dimers are calculated using density functional theory, and the relationship
between molecular structure and crystal packing structure in model dimer configurations is
considered. Hole transport bandwidths derived from crystal structure dimers are compared to those
obtained from electronic band structure calculations; very good agreement between the two
approaches is found. The calculations predict large hole bandwidths, on the order of 0.4 eV, and
correspondingly very low hole reorganization energies. © 2008 American Institute of Physics.
DOI: 10.1063/1.2806803
I. INTRODUCTION
Phthalocyanines are a versatile class of -conjugated or-
ganic semiconductors applicable as materials in many elec-
tronic devices such as organic xerographic photoreceptors,1
nonlinear optical components,2 field-effect transistors,3 or-
ganic light-emitting diodes,4 and solar cells.5,6 Titanyl phtha-
locyanine TiOPc, in particular, has become of interest be-
cause of its semiconducting as well photoconductivity1 and
third-order nonlinear optical properties.7 As in other phtha-
locyanines, the absorption spectrum,8,9 photoconductivity,1
photodynamic behavior,10 and charge-transport properties of
TiOPc vary substantially depending on the crystal phase it
adopts in the solid state. TiOPc is known to form various
polymorphs that are responsible for differences in stacking
modes and molecular alignment in ordered solid films.9 Of
the various polymorphs of TiOPc, the so-called Y-form Y-
TiOPc is one of the most efficient photoconducting
materials,1,11 while the triclinic phase II -TiOPc is an ex-
cellent p-type semiconductor with a broad spectral absorp-
tion range suitable for use in solar cells.6 As indicated by
variations in the solid-state properties of different TiOPc
polymorphs, molecular stacking arrangements have a pro-
found influence on the electronic properties. This under-
scores the overall importance of establishing well-
understood relationships between molecular structure, crystal
packing structure, and charge transport in organic materials.
The performance of novel electronic devices made of
organic semiconductors depends largely on their ability to
efficiently transport charges. Organic light-emitting diodes,
field-effect transistors, and solar cells rely on charge-
transport characteristics that can be described at the molecu-
lar level by several factors such as electronic coupling, vi-
bronic interactions, and relative energies of the charge-
transfer reactants and products. Organic materials based on
small-molecule crystals or polymers require strong interac-
tions between neighboring molecules or moieties, a factor
that is determined by the crystal structure of the system and
known to substantially affect carrier mobility. Therefore, it is
important to understand how differences in crystal packing
and, in many cases, disorder influence fundamental charge-
transfer parameters such as electronic coupling.
Whether transport occurs through a bandlike or hopping
mechanism, the charge carrier mobility is determined by
electronic coupling. Charge transport in most organic mate-
rials occurs through a charge hopping mechanism, where an
electron hop corresponds to an electron-transfer reaction. In
the semiclassical approximation, or high-temperature limit,
Marcus theory has been used extensively to study the effects
of molecular and crystal structures on charge-transport
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where Vij = 	iH j
 is the electronic coupling matrix ele-
ment or transfer integral of the system Hamiltonian be-
tween the initial and final states i
 and  j
 ,ij is the reor-
ganization energy, and G0 is the change in Gibbs free
energy for the electron-transfer reaction. This type of model
is usually appropriate for organic materials since contribu-
tions from electronic coupling and vibrational relaxations are
taken into account.
If electron-phonon coupling is weak, a bandlike regime
can manifest in perfectly ordered systems at low tempera-
ture. The band regime can be considered within a simple
tight-binding model in which the total valence bandwidth
W results from interaction of the highest occupied molecu-aElectronic mail: jean-luc.bredas@chemistry.gatech.edu.
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lar orbital HOMO levels of each molecule. For example, in
the case of an infinite one-dimensional stack, the total band-
width W is equal to 4t, where t is the transfer integral. In a
simple dimer model involving two interacting molecules, the
splitting of the HOMO energy levels of each molecule is
equal to 2t. However, we stress that when the interacting
molecules are not symmetrically equivalent, this approxima-
tion becomes inadequate due to site energy differences in-
duced by effects such as polarization.14 A more rigorous ap-
proach to obtaining the electronic coupling has thus been
developed for the general asymmetric situation.15 In this ap-
proach, the molecular orbitals of the dimer are described
using a basis set of localized monomer orbitals. For systems
where dimer HOMO and HOMO-1 levels are composed of
only monomer HOMOs, the electronic coupling can then be
calculated directly as the Hij matrix element obtained from
the secular equation HC=SCE, where H is the system
Hamiltonian or Fock matrix, C is the eigenvector matrix, S
is the overlap matrix of the monomer molecular orbital basis,
and E is the diagonal eigenvalue matrix. We note that in
more complicated cases involving contributions from other
HOMO-n or LUMO+n levels, a more general definition of
the transfer integral can be considered.16
In this study, we investigate the charge-transfer param-
eters for the triclinic phase II crystal of TiOPc -TiOPc,
with a focus on hole transport. The molecular structure of
TiOPc is shown in Fig. 1 and the triclinic crystal structure,
-TiOPc, is shown in Fig. 2. The unit cell of -TiOPc con-
tains two inequivalent molecules that give rise to two types
of interactions, namely, convex- and concave-type dimers.
These are determined by the relative orientations of the pro-
truding TiO groups, which force the usually planar structure
of the phthalocyanine to adopt a nonplanar square pyramidal
structure. The convex interactions involve TiOPc molecules
with the protruding TiO groups and outwardly bowed  sys-
tems facing each other, while the concave interactions in-
volve inwardly bowed cofacial  systems with the TiO
groups oriented on opposite sides of the molecules, see Fig.
FIG. 1. Color online a TiOPc struc-
tural formula and molecular structure
showing the plane formed by the
aza-N atoms. b B3LYP /6-31Gd
HOMO and degenerate LUMO and
LUMO+1 wave functions of the
ground-state optimized geometry.
FIG. 2. Color online a The
-TiOPc triclinic crystal system. b A
view of the crystal structure showing
interplanar separation distances, re-
ported in angstroms Å, between the
concave- and convex-type dimers. c
The four strongest interacting
-TiOPc dimer pairs corresponding to
two concave-type CC-1 and CC-2
and two convex-type CV-1 and
CV-2 interactions viewed along the b
direction of the crystal lattice.
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2b. Intermolecular distances between these dimers are short
with interplanar separation distances measured from the
planes formed by the four aza nitrogens aza-N occurring at
3.113–3.118 Å in convex dimers and 3.326 Å in concave
dimers. Interacting  systems in configurations where -
intermolecular distances are short can be expected to produce
favorable charge-transport parameters for high charge mo-
bilities. To the best of our knowledge, charge carrier mobility
measurements on -TiOPc have not been reported.
II. METHODOLOGY
Transfer integrals between specific dimers were calcu-
lated with DFT methods using the generalized gradient ap-
proximation and the PW91 functional with a DZP DZ for
Ti basis set implemented in the ADF package17 and at the
B3LYP /6-31Gd level of theory in GAUSSIAN 03.18 In both
methods, molecular orbitals localized on each molecule are
used as the basis set, and the orbital energies of the dimers
are determined by the secular equation HC=SCE as de-
scribed above. A basis set composed of monomer molecular
orbitals can be used directly in ADF; however, GAUSSIAN 03
uses atomic orbital AO basis sets and requires a basis set
transformation procedure in order to obtain the coefficient
and overlap matrices of the molecular orbitals localized on
each molecule.
The localized monomer orbitals can be projected onto
the canonical molecular orbitals in the AO basis by a stan-







 are the molecular orbitals of the isolated
monomers in the AO basis i
, and  j
=Cj j
 are the mo-
lecular orbitals of the dimer in the AO basis  j
. In matrix
form, Ci is the block diagonal matrix containing the molecu-
lar orbital MO coefficients from each monomer with off
block diagonals set to zero, and Cj is the matrix containing
the MO coefficients of the dimer. A standard symmetric or-
thogonalization process can be applied to the basis set and
Hamiltonian,19 however, here the orbitals are orthogonalized
following the calculation of the Fock matrix. Consequently, a
block diagonal overlap matrix of the two monomers in the
AO basis is contained in Si with off block diagonals set to
zero. The coefficient matrix Ck of the projected orbitals can
then be obtained as
Ck = Ci
T · Si · Cj, 3
where Ci
T indicates the transpose of Ci.
The overlap between the localized molecular orbitals is
calculated from the MO coefficients of the monomer orbitals
and the overlap of the atomic orbitals in the dimer configu-
ration. The overlap of the monomer orbitals is calculated in
matrix form as
Sk = Ci
T · Sj · Ci, 4
where Sj is the overlap matrix of the atomic orbitals in the
dimer configuration. Following basis set transformation, the
Fock matrix can be solved using the MO coefficient and
overlap matrices, Ck and Sk, respectively. The electronic
coupling element is represented as the matrix element Vij
= 	iH j
, which is then orthogonalized using Löwdin’s
symmetric transformation20 as applied recently in the
literature.14
Optimizations of monomer geometries and calculations
of molecular reorganization energies were performed at the
B3LYP /6-31Gd level of theory using GAUSSIAN 03 Ref.
18 and a standard procedure detailed in the literature.12
The band structure of -TiOPc has been calculated using
density functional theory in the generalized gradient approxi-
mation GGA-PW91 Ref. 21 with a plane-wave basis set
as implemented in the VASP program.22 Electron-ion interac-
tions were described using the projector augmented wave
PAW method23 with a kinetic-energy cutoff of 400 eV on
the wave function expansion. Since hydrogen atoms were not
included in the experimental crystal structure, hydrogen at-
oms were added and the ions in their instantaneous ground
state were relaxed using a conjugate-gradient algorithm with
the cell shape and volume fixed. Following optimization, the
self-consistent calculations were computed with a 444 k
point mesh. The density of states DOS was computed using
the tetrahedron method with Blöchl corrections. To corrobo-
rate the main features of the band structure described using
GGA-PW91-PAW, the band structure was also computed for
the relaxed geometry using the hybrid B3LYP functional
with a 6-21G 6-31G for Ti atomic orbital basis set imple-
mented in the CRYSTAL06 program.24
It is known that DFT is unable to properly describe non-
bonded interactions that contain substantial dispersion
components.25 These interactions are critical in determining
binding energies as well as total energies, molecular geom-
etries and orientations, and vibrational properties. Since elec-
tronic coupling is an overlap-dependent property, both
B3LYP and PW91 are appropriate for evaluating transfer in-
tegrals and bandwidths in crystal structures. It has also been
shown that constraining the lattice constants to experimental
values during geometry optimizations effectively compen-
sates for the errors in these interactions so that DFT calcula-
tions reproduce the molecular geometry and orientation,26
and vibrational properties.27
III. RESULTS
We have applied the generalized methodology above to
calculate the effective transfer integrals for nearest neighbor
molecular pairs in the -TiOPc crystal.28 Band structure cal-
culations were performed on the -TiOPc unit cell to explore
the characteristics of a bandlike regime for charge transport.
A. Transfer integrals and reorganization energy
Electronic coupling elements between all monomer HO-
MOs localized on nearest neighbor molecular pairs of
-TiOPC were calculated with the PW91 functional. A total
of 14 dimers were calculated and of these dimers, four mo-
lecular pairs gave electronic couplings larger than 0.010 eV
and all others gave values that were less than 0.003 eV. The
four strongly interacting dimer pairs are shown in Fig. 2c
and correspond to two concave-type CC-1 and CC-2 and
two convex-type CV-1 and CV-2 dimers. Alternating CC-1
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and CV-2 dimers occur along the a direction of the -TiOPc
crystal, and alternating CC-2 and CV-1 dimers occur along
the c direction. The effective transfer integrals calculated
with the PW91 and B3LYP functionals are listed in Table I.
The molecules in concave dimer CC-2 are significantly more
displaced than in CC-1; CC-2 gives a correspondingly lower
transfer integral 0.011 eV in comparison with
CC-1 −0.049 eV. The relative orientations of the CV-1 and
CV-2 dimers are very similar and would be expected to give
correspondingly similar electronic couplings; however, the
couplings are notably different at −0.042 and −0.136 eV, re-
spectively. For comparison, the electronic coupling between
edge-to-face dimers in pentacene has been calculated to be a
little more than twice as large 0.326 eV Ref. 14 as the
electronic coupling for CV-2.
Perpendicular and lateral displacements in cofacial or
near-cofacial arrangements have been investigated exten-
sively and are known to be critical factors in determining
electronic coupling.12,29 A view perpendicular to the planes
of the TiOPc molecules of the CV-1 and CV-2 dimers is
shown in Fig. 3a and reveals slight differences in the lateral
displacements of the molecules. The CV-1 dimer is displaced
along the y axis of the figure by 0.925 Å, and the CV-2
dimer is displaced along the y axis by 0.068 Å. In the x
direction, the CV-1 and CV-2 dimers are displaced by 7.418
and 6.849 Å, respectively.
To investigate the source of the difference in the CV-1
and CV-2 couplings, a model dimer configuration with a
convex orientation was used to explore the effects of lateral
displacements at a fixed perpendicular interplanar separation
distance 3.1 Å equal to that of the separation distances
found in the crystal. The evolution of the transfer integral
along these coordinates is shown in Fig. 3b and 3c. Vary-
ing the x coordinate from 6 to 11 Å causes the electronic
coupling to decrease from 0.25 to 0 eV before quickly un-
dergoing two changes in sign. The small increase around 6 Å
and the subsequent decrease and changes in sign indicate a
subtle oscillation in the wave function overlap, and thus in
the electronic coupling, as the cofacial  systems slip across
each other. With the x coordinate fixed at 7.418 Å the dis-
placement along x in CV-1, the TiOPc molecules are dis-
placed along the y coordinate from 0 to 12 Å in Fig. 3c.
The electronic coupling along this coordinate undergoes an
oscillation beginning with maximum overlap of the four 
systems of the fused benzene rings followed by a decrease
and change in sign as the two benzene units become stag-
gered. As the molecules are displaced further, a second os-
cillation occurs as the  systems of the remaining benzene
rings slide across each other.
The PW91 electronic coupling between the HOMO lev-
els in the CV-2 dimer is more than three times as large as
that of CV-1. The evolution of the transfer integral in a
model dimer system indicates that large changes in the cou-
pling strength occur as the convex TiOPc molecules are dis-
placed from each other. For example, a displacement of
0.6 Å from 6.8 to 7.4 Å difference in the CV-1 and CV-2
dimers along the x coordinate causes a change of 0.09 eV in
the transfer integral, and a change of 1.0 Å from the origin of
the y coordinate causes a change of 0.07 eV. In both cases,
the CV-2 dimer lies closer to the maximum electronic cou-
pling than CV-1, confirming that small variations in lateral
TABLE I. Effective transfer integrals teff calculated for -TiOPc dimers
with the PW91 and B3LYP density functionals.
Dimer






CC-1 −0.049 −0.056 −0.037 −0.049
CC-2 0.011 0.011 0.008 0.009
CV-1 −0.042 −0.051 −0.057 −0.069
CV-2 −0.136 −0.164 −0.033 −0.044
aPW91 exchange potential with a DZP basis set DZ for Ti.
FIG. 3. Color online a View per-
pendicular to the TiOPc molecular
planes in the CV-1 and CV-2 dimer
configurations and evolution of the
PW91 effective transfer integral teff as
a function of lateral displacement
along the b x direction with y fixed at
zero and c y direction with x fixed at
7.418 Å in a model dimer configura-
tion with an interplanar separation dis-
tance of 3.1 Å.
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displacements of the TiOPc molecules are responsible for the
observed differences in electronic coupling. Applying a tight-
binding approximation for an infinite one-dimensional stack
of alternating CC-1 and CV-2 dimers, as occurs along the a
direction, would lead to a hole bandwidth on the order of
0.37 eV with PW91/DZP/DZ and 0.44 eV with
B3LYP /6-31Gd. These values are on the same order as
hole transport bandwidths calculated for rubrene
0.340 eV,30 for which hole mobilities of 	300 K
20 cm2 /V s have been reported.31
Electronic couplings between monomer lowest unoccu-
pied molecular orbitals LUMOs were also calculated and
are presented in Table I. We note that the electronic structure
of the optimized TiOPc monomer consists of degenerate
LUMO levels, shown in Fig. 1b. However, in -TiOPc,
significant molecular distortions occur in going from solution
to the solid state that lift this degeneracy;8 similar losses in
degeneracy are found in the Y-form and phase I crystals of
TiOPc. The lifting of LUMO degeneracy gives rise to split-
ting of the experimental absorption bands with the largest
splittings in the -TiOPc and Y-forms.8 We find that the
LUMO of the monomer in the geometry taken directly from
the crystal structure is significantly separated from its cor-
responding LUMO+1 by 0.39 eV at the PW91/DZP/DZ
level and 0.49 eV at the B3LYP /6-31Gd level. As a re-
sult, in the dimers, the LUMO and LUMO+1 levels are
composed only of monomer LUMO levels. The transfer in-
tegrals between the LUMO levels of the monomers in the
CC-1, CC-2, and CV-1 dimers are comparable to their re-
spective HOMO electronic couplings, while the CV-2
LUMO dimer is four times smaller than the HOMO cou-
pling. Applying a tight-binding approximation for an infinite
one-dimensional stack of alternating CC-1 and CV-2 dimers
would lead to an electron bandwidth on the order of 0.14 eV
with PW91/DZP/DZ and 0.19 eV with B3LYP /6-31Gd.
We also evaluated the internal reorganization energies
associated with hole and electron transfer for TiOPc.
B3LYP /6-31Gd values of 0.038 and 0.180 eV were ob-
tained for hole and electron transfer, respectively. For com-
parison, reorganization energies for metal-free phthalocya-
nine Pc were calculated to be 0.044 and 0.188 eV for hole
and electron transfer, respectively essentially identical val-
ues of 0.045 and 0.186 eV have been reported using a
slightly larger basis set at the B3LYP /6-31Gd , p level of
theory.32 Thus, the substitution by the TiO group is seen not
to induce any significant changes in the internal reorganiza-
tion energies relative to Pc. Remarkably, to our knowledge,
the 0.038 eV hole transport reorganization energy calculated
for TiOPc is the lowest reported to date; it is markedly lower
than the values calculated for rubrene 0.159 eV at
B3LYP /6-31Gd , p Ref. 30. or for pentacene 0.098 eV
at B3LYP /6-31Gd Ref. 33 and 0.095 at
B3LYP /6-31Gd , p Ref. 34.
B. Band structure
The single crystal of -TiOPc is a triclinic system P-1
with cell parameters of a=12.17 Å, b=12.58 Å, and c
=8.64 Å, and =96.3°, 
=95.0°, and =67.9°, as shown in
Fig. 2a.8 The electronic bands were calculated along the
reciprocal lattice vectors and several specific paths on the
boundary surfaces of the first Brillouin zone. The band struc-
ture and DOS spectrum calculated with the GGA-PW91-
PAW method are presented in Fig. 4. All bands below the
Fermi energy are filled and are separated from the conduc-
tion band by a direct band gap of 0.92 eV at the  point.
Experimental band gaps determined by scanning tunneling
spectroscopy and cyclic voltammetry CV methods have
been reported at 2.04 and 2.03 eV under ambient conditions,
respectively, and 1.72 eV with CV methods performed under
inert conditions.35 The band gap calculated from the
B3LYP /6-31Gd ground-state optimized structure of the
TiOPc monomer gives a value of 2.14 eV. The GGA-PW91-
PAW method underestimates this value in comparison with
experiment. While this is a usual drawback of GGA-DFT
methods, the main features of the valence or conduction
electronic structure are generally not affected.36 In the re-
mainder, we focus on the valence band.
The valence band is composed of two subbands that
arise from the presence of two inequivalent TiOPc molecules
in the unit cell, and is well separated from other valence
bands. The full bandwidth is 0.46 eV, which is consistent
with but slightly larger than the 0.37 eV bandwidth derived
from the tight-binding approximation for an infinite one-
dimensional stack of alternating CC-1 and CV-2 dimers.
Similar valence bandwidths have been obtained from band
structure calculations on rubrene 0.4 eV Ref. 30 and
oligoacene single crystals.37 The width and curvature of the
upper valence band of -TiOPc remain larger and steeper
than the lower portions of the conduction band, an indication
that excess hole mobilities should be larger than excess elec-
tron mobilities.
The largest valence band dispersions occur along the
-X and V- directions. The -X direction corresponds to
the a* direction and includes alternating concave CC-1 and
convex CV-2 dimers, seen clearly in Fig. 5a. The V- di-
rection, shown in Fig. 5b, corresponds to the a*+b* direc-
FIG. 4. Color online Band structure and DOS spectrum of -TiOPc cal-
culated with the GGA-PW91-PAW method and a plane-wave basis set. The
Fermi energy is taken as origin of the energy axis.
034701-5 -TiOPc as a p-type organic semiconductor J. Chem. Phys. 128, 034701 2008
Downloaded 13 Dec 2012 to 130.207.50.228. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
tion and runs roughly parallel to the planes of the TiOPc
molecules. Although this crystal direction is not easily cor-
related to specific dimer interactions, band dispersions ap-
proximately as large as those that occur along the -X direc-
tion are generated. The -Z direction corresponds to
alternating CC-1 and CV-1 dimers along the c* lattice vec-
tor. Relatively small amounts of band dispersion occur along
this direction, which is consistent with the fact that teff,HOMO
for these dimers is three times smaller than the CV-2 dimer
coupling.
The differences in band dispersion along the a* and c*
crystal lattice vectors and variations in the coupling between
dimers along these corresponding crystal directions indicate
that hole mobility should exhibit anisotropy. Experimental
measurements of hole mobilities for -TiOPc would be use-
ful in determining mobility anisotropy and in confirming the
calculated bandwidths obtained from band structure calcula-
tions.
IV. SYNOPSIS
Electronic and band structure calculations have been
used to characterize the charge-transport properties of the
p-type semiconducting -TiOPc crystal. Our investigation of
crystal structure dimers predicts that the largest electronic
coupling occurs in convex-type dimers and that minor differ-
ences in lateral displacements yield significantly different
coupling values. The strongest interactions occur between
the HOMO levels of the monomers, and the reorganization
energies for hole transport are lower than those calculated for
pentacene and metal-free phthalocyanine.
Band structure calculations predict large hole transport
bandwidths. Some of the largest dispersions occur along the
high symmetry direction that correlates to alternating convex
and concave dimers involving the CV-2 dimer, for which the
largest effective transfer integral was obtained. Calculated
bandwidths are also found to correlate with a tight-binding
approximation for a linear stack of alternating convex and
concave dimers. A combination of electronic and band struc-
ture calculations has been used to investigate the favorable
crystal packing phase of -TiOPc. The short intermolecular
- interactions are found to give rise to significant elec-
tronic couplings in dimer configurations and band disper-
sions in the crystal.
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